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A new configuration for metasurface construction is
presented to achieve multi-functional capabilities in-
cluding perfect absorption, bio/chem sensing, and
surface-mode lasing. The reciprocal plasmonic meta-
surfaces discussed here are composed of two plasmonic
surfaces of reciprocal geometries separated by a dielec-
tric spacer. Compared to conventional metasurfaces
this simple geometry exhibits an enhanced optical per-
formance. The discussed reciprocal metasurface design
further enables effective structural optimization and al-
lows for a simple and scalable fabrication. The physi-
cal principle and potential applications of the recipro-
cal plasmonic metasurfaces are demonstrated using nu-
merical and analytical approaches. © 2020 Optical Society of
America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Metasurfaces are resonant textured surfaces with unit cells
much smaller than the wavelength of incident electromagnetic
radiation [1]. One of the most frequently used metasurface
designs are heterostructures composed of triple-layered con-
stituents which are optimized for optical frequencies [2–7].
Such heterostructuredmetasurfaces have been extensively stud-
ied over the past decade and exhibit excellent optical perfor-
mance [8–16].
Despite these advances, the explored designs often require
complex nanofabrication processes which can lead to a reduced
performance of the as-synthesized metasurfaces compared to
numerical results obtained from optimized, nominal designs
[17]. For example, one of the most common fabrication de-
fects when using a mask or lift-off processes is the dislocation
of elements of the metasurface [17, 18]. Furthermore, loss in fi-
delity often results in an imperfect reproduction of the nominal
geometries of the metasurfaces constituents [17–19]. These im-
perfections directly impact the performance of the heterostruc-
tured metasurfaces. For instance, in metasurfaces designed as
perfect absorbers, the experimentally observed absorption val-
ues are often much lower [18]. In addition, fabrication-induced
imperfections can lead to grain boundaries between areas with
different defect densities, which can further diminish the per-
formance of the entire metasurface [17].
Here we introduce a metasurface design that can be synthe-
sized using a very simple two-step fabrication process. The
process consists of the deposition of a structured polymer layer
and a subsequentmetallization. This results in twometal-based
metasurfaces with reciprocal geometry separated by a dielectric
spacer.
The reciprocal plasmonic metasurface is theoretically stud-
ied here using numerical and analytical effective medium op-
tical models. It is found that reciprocal plasmonic metasur-
face designs exhibit unique advantages for applications in per-
fect absorption, sensing of minute index changes, and surface-
mode light emission, compared to conventional heterostruc-
tured metasurfaces. The record values obtained for the figure
of merit for index sensing suggest that these structures are ideal
candidates for extremely sensitive ambient index sensors [4].
In addition to providing enhanced optical performance, the re-
ciprocal plasmonic metasurface discussed here dramatically re-
duces the fabrication complexity compared to the currently ex-
isting heterostructured metamaterials.
The geometry of this reciprocal metasurface is depicted in
Fig. 1. The top plasmonic metasurface is composed of rectangu-
lar bars while the bottom metasurface has a reciprocal arrange-
ment with rectangular openings in a metallized surface. The
dielectric spacer is formed by fins with a rectangular base.
The optical performance of the reciprocal metasurface is op-
timized by carefully engineering the geometrical parameters
using a numerical optical model based on the finite-element
method (FEM) as shown in Fig 2. The reciprocal metasurface
was developed to achieve a narrow and strong absorption at
a wavelength of 1.55 µm and a quality factor of 20, which is
relevant for telecommunication applications. In addition, the
physical mechanism of the reciprocal metasurface has been the-
oretically studied by an effective medium optical model based
on interference theory [20], as shown in Fig. 3.
The reciprocal metasurface designed here consists of a di-
electric fin-array sandwiched by two Au patterned layers, as
shown in Fig. 1. This array is composed of fins with the follow-
ing dimensions: length L = 0.9 µm, width W = 0.3 µm, peri-
odicity P = 1 µm, and height H = 1.25 µm in a square lattice
pattern, as shown in Fig. 1 (c). This design allows rapid pro-
toyping using two-photon polymerization and while the sim-
plicity of the geometry enables the fabrication of larger surface
areas using standard lithography techniques [21]. For the calcu-
lations discussed below, it was assumed that the top bar res-
onator array and bottom perforated film are fabricated from
goldwith a thickness of 50 nm. The dielectric spacer is assumed
to be composed of IP-Dip, a polymer compatible with the two-
photon polymerization process, for which the optical properties
are well known in the infrared and visible spectral range [22].
Fig. 2 (a) shows the calculated reflectance spectrum (black
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Fig. 1. (a) The reciprocal metasurface composed of a three-
layered heterostructure: Au bar-antenna array (b), polymer-
based fin-array (c), and a patterned Au surface reciprocal to
the rectangular bar array (d).
solid line) of the optimized reciprocal metasurface under nor-
mal incidence illumination with the electric field polarized
along the long axis of the bars (x-axis). In the spectral range
from 1.3 µm to 3.5 µm, two nearly-zero-valued minima cen-
tered at 1.55 µm and 2.70 µm can be observed.
For comparison, the response of the top metasurface (rectan-
gular bar array, orange solid line) and the bottom metasurface
(rectangular hole array, red solid line) are also depicted in Fig. 2
(a).
The normalized electric and magnetic field distributions |~E|
and |~H|, respectively, corresponding to the two resonant wave-
lengths are shown in Fig. 2 (c) - (h), respectively. The field dis-
tributions for H = 1.25 µm in Fig. 2 (c) - (e) and (f) - (h) depict
a second-order harmonic and fundamental harmonic standing
wave for the wavelengths of 1.55 µm and 2.70 µm, respectively.
The locations of the reflectance minima depend linearly on the
the cavity height H. This is illustrated in the reflectance map
shown in Fig. 2 (b) where the reflectance is plotted as a func-
tion of H valued from 0.5 µm to 1.7 µm over the spectral range
from 1.3 µm to 3.5 µm. Fig. 2 (b) also indicates an additional
higher-order mode, which can be accessed if the dielectric fin-
array has a sufficient height. For the investigated spectral range,
higher-order modes can be observed for H > 0.9µm. It can be
concluded that with increasing H, the resonant modes of the
reciprocal metasurface red-shift while higher-ordermodes start
to appear at the short wavelength end of the spectrum.
In addition to being a function of the cavity height H, the op-
tical response of the reciprocal metasurface also depends on the
plasmon resonance of the Au bar-antenna array. The reflectance
(orange solid line) and transmittance (orange dotted line) spec-
tra of the top Au bar-antenna array are included in Fig. 2 (a) for
comparison indicating a plasmon resonance at 2.07 µm. Note,
that the modes of the reciprocal metasurface are interrupted in
the vicinity of the plasmon resonance as can be clearly seen in
the reflectance map [Fig. 2 (b)]. This is due to the lack of trans-
parency of the top metasurface as shown in Fig. 2 (a) which
prevents the effective coupling to the bottom metasurface.
The reflectance of perforated Au film at the bottom of the
reciprocal metasurface [red solid line, Fig. 2 (a)], on the other
hand, shows very little variation as a function of the wave-
length. This observation is relevant for the development of an
analytical model discussed belowwhere the perforatedAu film
at the bottom of the reciprocal metasurfaces is treated as a plas-
monic mirror reflecting all the wavelengths of interest.
shown in Fig. 2 (a) defines the optical property of the per-
Fig. 2. (a) Numerically calculated reflectance (solid) and trans-
mittance (dotted) of the optimized reciprocal plasmonic meta-
surface (black) and its individual constituent parts: Au bar-
antenna array (orange) and perforated film (red). (b) Numeri-
cally determined reflectance map of the reciprocal metasurface
as a function of the height H of the fins valued from 0.5 µm to
1.7 µm. Panel (c) and (d) display the normalized electric field
distributions |~E| at the resonant wavelengths of 1.55 µm and
2.70 µm, respectively, as indicated by the black dashed line
in panel (b). Panels (c) - (e) and (f) - (h) depict a second-order
harmonic and fundamental harmonic standing wave for the
wavelengths of 1.55 µm and 2.70 µm, respectively.
forated Au film individual of the other layers (red). Upon this
observation, it is appropriate to treat the perforatedAu film as a
plasmonicmirror reflecting all the wavelengths within the band
of interest.
Based on the results of the FEM-based calculations, an an-
alytical effective medium-based formalism is developed in the
following. In contrast to the FEM-based numerical model the
analytical model allows the rapid determination of the geome-
try parameters of the reciprocal metasurface which are required
to obtain specific target frequencies for its absorption bands. In
addition, this model further provides insights into the physical
mechanism which is driving the optical response of the recipro-
cal metasurfaces discussed here.
Figure 3 (a) depicts the concept of the effective medium op-
tical model. Due to the sub-wavelength-sized structural fea-
tures of the dielectric fin-array [as shown in Fig. 1 (c)], it can
be treated as a single layer with an effective index neff. neff can
be calculated using the Bruggeman effective medium approx-
imation and the complex dielectric function of the constituent
material IP-Dip [21, 23, 24]. This layer is enclosed by two reflec-
tive surfaces (top Au bar array and bottom Au perforated film)
which are denoted in Fig. 3 (a) as top and bottom mirror.
As the incident electromagnetic radiation transmits through
the top partial-transparent mirror [Fig. 3 (a)], a cavity mode
forms inside the effective medium layer. This phenomenon
only occurs when these waves oscillate in phase, i.e., the phase
difference ∆ϕ after a round trip are integer multiples of 2pi:
∆ϕ = ϕt + ϕb + ϕprop = N2pi (N = 1, 2, ...), (1)
where ϕt and ϕb respectively denote the phase changes induced
by the interaction of the electrical radiation with the top and
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Fig. 3. (a) Effective medium optical model of the optimized
reciprocal metasurface consists of an effective medium sand-
wiched between two effective mirrors. Panel (b) shows phase
changes at the mirrors (ϕt,ϕb) and due to the propagation
(ϕprop). (c) Calculated resonant wavelengths (black dashed
lines) with varying quantities of the parameter H from 0.5 µm
to 1.7 µm, wherein the numerically determined reflectance
map shown in Fig. 2 (b) is shown for comparison. Panel (d)
shows the calculated relative amplitude of the confined elec-
tric field |Ecav| inside the effective medium.
bottom mirrors, for which the numerical calculations on each
individual part determine their spectra shown in Fig. 3 (b). The
phase change due to the propagation in the effective medium
ϕprop is calculated by ϕprop = 2piHneff/λ for H = 1.25 µm and
also included in Fig. 3 (b) (black solid line).
Varying the value of the parameter H in the same range as
the one used in the numerical simulation shown in Fig. 2 (b),
Eqn. (1) allows the identification of the cavity resonances with
N = 1, 2, and 3 which are depicted by the black dotted lines
in Fig. 3 (c). Note, that the results for the reflectance map of
the FEM-based model [Fig. 2 (b)] are reproduced here again for
direct comparison.
A good agreement between the analytically calculated and
the numerically simulated results is achieved for the location
of the reciprocal metasurface modes. This confirms the optical-
cavity-based mechanism of the reciprocal metasurface.
The reflectance map [Figs. 2 (b) and 3 (c)] further revealed
that the strength of the cavity modes are wavelength depen-
dent, an effect which can not be obtained using a simple phase
analysis as shown in Eqn. (1). Instead, this effect can be de-
scribed considering the relative amplitude |Ecav| of an infinite
number of electric fields that constructively interfere inside the
layer with the effective index neff:
|Ecav| ∝
t
2
t
1+ |r2t r
2
b|
, (2)
where tt,rt and rb denote the transmissivity and reflectivity for
the top and bottom mirrors, respectively, and their values are
derived from the corresponding transmittance and reflectance
spectra obtained by the FEM-based calculations [Fig. 2 (a)].
|Ecav| is shown in Fig. 3 (d) for the spectral range from 1.3 to
3.5 µm. Twomaxima centered at 1.60 µmand 2.66 µmcan be ob-
served. The minimum at 2.07 µm corresponds to the plasmon
resonance of the topmirror. Therefore, the pair of the plasmonic
surfaces function in a way that not only alters the phase change
at the interface but also modulates the amplitude of the elec-
tromagnetic radiation trapped inside the cavity, consequently
Fig. 4. (a) Nearly perfect absorption with a Q-factor of 20 is ob-
tained at the resonant wavelength of 2.70 µm (red solid line).
As ambient index n, as shown in the inset, deviates from 1 to
1.01, the resonance peak at 2.70 µm has a 0.02 µm red shift (red
dashed line), shown in the zoomed-in plot. The sensitivity S∗
and figure of merit FOM∗ are shown in (b) and (c) for char-
acterizing the sensing capability of the reciprocal plasmonic
metasurface. Panel (d) indicates the normalized electric field
|~E| when n ≥ nIP-Dip.
being able to influence both resonance position and resonant
strength.
So far, a comprehensive understanding of the optical mech-
anism of the reciprocal metasurface has been achieved. In the
following potential applications are briefly explored.
Fig. 4 (a) depicts the absorption spectrum (red solid line) of
the optimized reciprocal metasurface. Two absorption peaks at
wavelength of 1.55 µm and 2.70 µm can be observed. The Q-
factor for both absorption peaks is approximately 20. Therefore
the reciprocalmetasurface could be readily applied as a narrow-
band perfect absorber in the near-infrared spectral range for
which the absorption frequencies can be easily adjusted by the
geometry and the refractive index of the dielectric spacer of the
reciprocal metasurface.
Furthermore, this type of metasurface is an excellent candi-
date for sensing applications due to its high sensitivity to the
ambient refractive index n, as shown in the inset of Fig. 4 (a).
An index change of 0.01 would result in a shift of the resonant
wavelength of 0.02 µmwhich can be easily detected. Its sensing
capability is characterized in terms of sensitivity S∗ , defined as
the ratio of the intensity change vs. the change in refractive
index, while the figure of merit FOM∗ is the ratio of S∗ vs. the
absolute intensity [4]. For the example depicted in Fig. 4 (b) and
(c) S∗ is a approximately 18, while FOM∗ is found to be larger
than 8000. These values are substantially higher than those ob-
tained for other metasurface geometries and in fact would set
a new record for heterostructured surface sensors [4]. This ex-
treme sensitivity is due to the strong change of the plasmonic
resonance of the top and bottommetasurfaces upon ambient in-
dex variation. Furthermore, the effective refractive index of the
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cavity neff also varies as a function of the ambient refractive in-
dex, which amplifies the changes in the optical response of the
reciprocal metasurface.
In addition to the discussed applications for sensing and
as a perfect absorber, the results of the FEM-based optical
model simulation imply that the reciprocal metasurface could
be used for surface mode lasing. For this application, a gain
medium is integrated into the reciprocal metasurface, as shown
in Fig. 4 (d). Assuming the space between the fins is filled with
a gain material with the index n larger than or comparable to
that of the polymer fins nIP-Dip, a strong field enhancement, in-
dicated by the normalized electric field |~E|, can be observed
between the fins. This enhancement effect can be exploited
for surface-mode lasing in conjunction with the partial trans-
parency of the Au bar-antenna array, which serves as the top
mirror of the laser cavity.
To conclude, the optical properties of a reciprocal plas-
monic metasurface were theoretically studied using a FEM-
based approach and an effective medium optical model. The
near-infrared optical response of the reciprocal metasurface dis-
cussed here reveals strong resonances for which almost perfect
absorption is found, assuming realistic dielectric properties of
the constituents. It is demonstrated that the resonance frequen-
cies can be easily tuned by changing the height of the dielectric
spacer between the top bottom Au layers with reciprocal ge-
ometries.
The results of the FEM-based calculations are in very good
agreement with the data obtained from the analytical, effec-
tive medium based model. In comparison with the FEM-based
model, the analytical effective-medium-based optical model al-
lows the rapid optimization of the geometry of the reciprocal
metasurface for a wide range of target frequencies. The ana-
lytical model further reveals the cause of the strong absorption
peaks, which is an interplay between an effective optical-cavity
and the plasmon resonances of the reciprocal top and bottom
surfaces.
The theoretical findings presented here illustrate the advan-
tages of the reciprocal plasmonic metasurfaces in the applica-
tions of perfect absorption. The narrow absorption characteris-
tic and its strong dependence on the ambient refractive index
further suggest that reciprocal metasurfaces can be employed
as optical sensors. Comparing the sensitivity with other meta-
surfaces used for sensing applications showed that record high
figures of merit may be achieved using the reciprocal metasur-
face design.
In addition to applications for perfect absorption and sens-
ing of minute ambient refractive index changes, normalized
electric field calculations exhibit an enhancement effect which
could be exploited for the fabrication of surface-mode lasers.
This application would require the use of a suitable gain
medium with a higher refractive index than the dielectric
spacer of the reciprocal metasurface.
While studied theoretically here, reciprocal metasurfaces
have substantial practical implications as the simplicity of its
design suggests a considerable reduction in fabrication com-
plexity often plaguing heterostructured metasurfaces demon-
strated so far. In fact, the discussed geometry is suitable for
a simple two step fabrication. In the first step the dielectric
spacer would be deposited, for instance using mask-less two-
photon polymerization approaches. In the subsequent metal-
lization step the reciprocal top and bottom surfaces can be de-
posited at the same time.
We believe that the reciprocal plasmonic metasurfaces can
open a new avenue for the design and fabrication of metasur-
faces with enhanced performance yet low manufacturing time
and cost.
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